The history of micro air vehicles really began with the development of model airplanes in the 19 th century and the development of radio controlled model airplanes in the 20 th century. The improvement in propulsion systems from rubber bands to liquid fuel internal combustions engines and later battery powered electric motors made it possible to produce longer and longer flights. The development of miniature radio receivers and control components in the 1990s also had a large impact on the ability to design a very small flying vehicle. Once the aerodynamics and control of small aircraft models with a mass less that 100 grams were better understood, the micro-air-vehicle was born. This paper traces the history of these events.
This vehicle was called the Curtiss-Sperry Aerial Torpedo since it used an airframe designed and built by the Curtiss Aeroplane and Motor Company. Five years later, Lawrence Sperry demonstrated a practical radio control system. Charles Kettering obtained a U.S. Army contract in January 1918 to develop an unmanned aerial vehicle that could deliver a 91 kg (200 lb) warhead 80 km (50 miles). It became known as the "Kettering Bug" and was half the size of the Curtiss-Sperry Aerial Torpedo. It was designed to navigate to its target and then fold its wings and dive to the target. Although it was not radio controlled, the "Bug" appears to be the first UAV. 4 After World War I, the Air Ministry in Britain continued its interest in unmanned aircraft leading to a target drone (the Larynx) with a radio control system in 1924. 4 In 1933, the Royal Navy successfully demonstrated a radio controlled target drone that led to the production of 420 Queen Bee RC target drones, which were derivatives of the DeHavilland Tiger Moth biplane trainer. 4, 5 The conversion of manned airplanes to target drones continued intermittently through the 1920s and 1930s.
Small Radio-Controlled Model Airplanes
Interest in the design and development of small-unmanned air vehicles has increased dramatically in the last twenty-five years. Although the definition of small UAVs is arbitrary, vehicles with wing spans less than 6 meters and masses less than 25 kg are usually considered to be in this category. 6 The technology and experience provided by the model airplane community provided the starting point for the design of these vehicles. Model aviation both preceded and evolved alongside of powered flight. Rubber band powered and glider models were used by the earliest aviation pioneers to help them understand the aerodynamic forces and ways to control them. Three important technologies were needed to start the development of powered radio control models: 1) small internal combustion engines, 2) appropriate sized radio receivers and transmitters, and 3) actuators to move the airplane control surfaces.
It appears that the first small gas engine was built in 1901 by Charles M. Manly for Langley's powered model airplane. 1 The demand for model and miniature flying toys grew significantly after the Wright brothers' historic first flight, and consequently model enthusiasts began to build their own small gas engines a few years later. Some of these include Ray Arden's 4-cycle engine (1907) in the U.S., 7 David Stanger's 2 cylinder V-type engine (1908) in England, 7 and the Eckert brothers "Baby" engine (1911) in the U.S., 7, 8, 9 to name just a few. The "Baby" had a half horsepower, a displacement of 43.42 cm 3 , and weighed 1.70 kg. This engine was used in a model airplane competition in 1913. That same year, Max Braune of Leipzig and Josef Zenker of Berlin, Germany founded a company to manufacture one-and two-cylinder engines for gliders. 10 Also in 1913, David Stanger developed a 60.63 cm 3 Vee-Twin engine which was used the following year in a model airplane that set an endurance record that was not surpassed for eighteen years. 11 By the early 1930s, many model enthusiasts had built their own internal combustion engines. Bill Brown, Bill Atwood, Dan Calkin, and Walter Kratzsch appear to be especially noteworthy. [10] [11] [12] [13] [14] [15] Bill Brown made the first successful, limited production, model airplane engine 16, 17 in 1932, and his first production engine became available in 1934. Thousands of these engines, named the Brown Jr. 60 model B, were made during the 1930s. 16 In this same period, William E. Atwood made a flight of over 20 minutes in 1932 with a prototype of his "Baby Cyclone" engine. This engine was almost half the size of Brown's engine and was put into production in 1935. The same year the "Baby Cyclone" engine went into production, Walter Kratzsch founded a company in Goerliz, Germany and built a series of one-and two-cylinder internal combustion engines for model airplanes. His smallest engine, the F10B, had a displacement of 10 cm 3 , 13 Yet another contemporary of Bill Brown was Dan Calkin, who was interested in making small engines. 15 His early ELF engine of 1935 had a 2.26 cm 3 displacement compared to the 9.83 cm 3 displacement of the Brown Jr. and the F10B engines. A more complete history of the development of model airplane engines can be found in References 8 to 16.
Maxwell Bassett, using a Brown Jr. engine, was the only one to enter a gas-powered free flight model in the International Wakefield event held in Atlantic City, New Jersey in 1932. 17 This event was intended for rubber band powered models, but Bassett, nevertheless, managed to take 4th place. The following year, Bassett captured all of the trophies from the rubber-band-powered models in the U.S. Nationals on Long Island, New York. As a result, internal combustion engine models were separately classified as "Gas" powered and the first gas-powered Free Flight event was held at the Nationals in Akron, Ohio in 1934. 17 The stage was set for the invention of radio-controlled (RC) systems for gas powered models.
Amateur radio hobbyists made important contributions to the development of RC vehicles. 17, 18, 19 In the 1930s the only radio frequencies available for RC models were those designated for amateur radio use. To obtain an amateur radio license, the operator had to pass a test in Morse code and radio theory. Thus, the amateur radio (i.e., ham radio) operators were able to apply their knowledge and interest directly to the development of RC models. Enthusiasts were ultimately supplied with the electrical components by the expanding commercial radio industry.
The First Radio Controlled Model Airplane?
It is difficult to know with absolute certainty when and where in the world the first RC model airplane was successfully flown. It is known, however, that somewhat similar efforts were taking place in both Germany and the United States during the 1930s. Chester Lanzo of Cleveland, Ohio built a cabin type gas model in 1934 and experimented with RC using a spark-gap transmitter and a coherer receiver (i.e., a radio-wave detector). 19 These experiments were unsuccessful. A note in the June 10, 1936 German magazine FLUGSPORT 20 describes prizes awarded to Alfred Lippitsch (not to be confused with the airplane designer Alexander Lippisch) and a student named Egon Sykora, both from Dresden, for the successful flight of a RC glider model with rudder control during a competition at Rhoen, Germany on May 31, 1936 . This appears to be the first reference to a successful RC flight. 20, 21 A subsequent review article in the magazine FLUG und MODELLTECHNIK 22 in 1957 by Matthaus Weidner in his book (1987) confirmed this success. 10 The model, built by Erich Klose and Alfons Menze, had a wingspan of 2.5 m and weighed 3.5 kg . Figure 1 was taken after the first successful flight. It appears that this successful flight in Germany was unknown in the U.S. C.W. Thompson Jr. and H. M. Plummer are credited with the first public RC glider demonstration in the U.S. at the Soaring Society of America's national meet in Elmira, New York in July 1937. 19 Walter and William Good of Kalamazoo, Michigan started making rubber band powered models when they were eleven years old. 23 Walter's interest in building airplane models continued to increase while William's interest shifted to building radio equipment. Together these twin brothers had the necessary skills and experience to develop a RC model. Their motivation for developing a RC plane came from an article they read about the unmanned target drone airplanes (the aforementioned Queen Bees) built by the DeHavilland Company for the British Navy. 23 Walter and William Good developed a RC rudder control system in the fall of 1936 and mounted it in their free flight gas model, which they had built in 1935. Their invention was exhibited at the Kalamazoo, Michigan College Science Fair in January 1937. 24 This is the first reference to a successful gas powered RC model built by American hobbyists. In May of 1937, 25 they made numerous flights at the Kalamazoo Airport and garnered national attention. The model was named the "Guff" and in 1938 renamed Big Guff when the fuselage was made larger to accommodate a larger radio compartment and is shown in Fig. 2 . It had a 2.44 m (8 ft) wingspan, weighed 3.85 kg (8.5 lb), and was powered by a Brown Jr. Gas engine. In July of 1937, Chester Lanzo, with the same plane he had built in 1934, used a new radio receiver with vacuum tubes in a super-regenerative detector circuit, which operated a relay to move the rudder. A total of six RC models by C. Lanzo, P. Sweeney, E. Wasman, W. Good, L. Weiss, and B. Schiffman appeared in the 1937 Academy of Model Aeronautics (AMA) National competition. 19 Chester Lanzo had the lightest model at just less than 2.72 kg, including 0.91 kg of radio equipment. His model had a 1.52 m (5 ft) wingspan, 35 .56 cm (14 in.) wing chord, and a 1.52 m (5 ft) body with only rudder control. It was named the RC-1 and took first place in the first RC National Contest in the U.S. It should be noted that Lanzo's model was the only one of the six to fly. 19 Walter and William Good, shown in Fig. 2 , won the U.S. Nationals in 1938, 1939, 1940 and 1947 with the "Big Guff." 16 Interest in RC models was also present in England as indicated in the book by Peter Hunt, 26 which was first published in 1942. A photograph of Hunt's RC model, called the Hertzian 11 airborne is included in Ref. 26 , but there is no date given for his first flight or the first flight in England. These events led to the rapid increase in model development during the decade following World War II. 27, 28 The first British radio controlled model airplane event was held at the British Nationals in 1949. 29 A group of British scientists at the Royal Aircraft Establishment (RAE) and the National Physical Laboratory (NPL) formed the Low Speed Aerodynamics Research Association at Farnborough in 1947. 27 The first President of this association was Sir Harold Roxbee-Cox, who suggested that they should be concerned with radio controlled dynamically similar models of full sized airplanes for aerodynamic research. To do this, they needed multi-channel, proportional radio control. The system they adopted was that used by John Gardner for his torpedo in 1906 and by Prof. Wagner for several German missiles during WWII. Experiments at RAE in 1948, on the 465 MHz UHF band using super-regenerative receivers in boats, were successful while the same system in a low wing petrol engine airplane in 1951 was not successful. A 3.1 m wingspan glider known as the TV-8 (i.e., Test Vehicle No. 8) was designed and built in 1952, and the first successful flight took place in the spring of the same year. 27 The TV-8 made approximately fifty flights in 1952 and 1953. After it had been fitted with reliable transistorized servos, it successfully demonstrated the advantages of multi-channel proportional control in the UK. Walter Good produced one of the first successful attempts at proportional control for models using miniaturized components in 1955. 27 The operating principle of this control system was identical to that used by Prof Kramer for the German wire guided X-4 missile during WWII. Furthermore, in 1950 the first RC model gliders were developed and successfully flown in Russia. 30 Their R/C systems had the same major components used in modern models.
Electric Power
The first officially recorded flight of an electric powered RC model was in June 1957 by H. J. Taplin of Great Britain. 31 Fred Militky of Germany is credited with starting the electric powered flight movement with his ElectroFlug free flight design that flew in an eight nation international contest in September 1959. 31, 32 The ElectroFlug weighed 127.5 g, had a wing area of 890 cm 2 , a length of 60.96 cm, a Micromax electric motor, and was observed to fly for 22 minutes. The Graupner Company of Germany produced a larger version of Militky's design, the Silentius, in kit form, in 1960. It was the first commercial electric powered kit-model in the world. 33 The advent of nickelcadmium (Ni-Cd) rechargeable batteries in the early 1960s further accelerated the interest in electric powered models. Robert and Roland Boucher, of California, founded AstroFlight Inc. and combined Ni-Cd batteries and cobalt type electric motors for model airplanes. 31, 33 Roland Boucher visited Great Britain in 1973 and joined Peter Russell to make the first demonstrations with powerful electric self-launching models. During the 1970s, 1980s, and 1990s, improvements and innovations were made in model engines and electric motors, propellers, control systems, fabrication methods and materials along with the introduction of rechargeable NiMH and Lithium Polymer batteries, digital servos, and Piezo gyros.
Small Unmanned Vehicles
Although the model airplane community continued the improvement of radio-control equipment, the use of these small airplanes for reconnaissance and surveillance, as well as other useful missions had to wait for the evolution of miniature video cameras and transmitters and other lightweight electronic sensors. Serious interest in the design of small-unmanned air vehicles (UAVs) in the U.S. began in the 1970s. In the 1974-1975 time frame, the U.S. Army, Navy, and Air Force began the development of small UAVs. One of the most active groups in the design of small UAVs was the Naval Research Laboratory (NRL). NRL's Vehicle Research Section was formed in 1975 to conduct research focused on developing technologies and prototype systems that demonstrate the feasibility of small UAVs for Navy electronic warfare missions. Ideally, these small UAVs will operate autonomously, be extremely robust and reliable, and sufficiently inexpensive to be expendable rather than requiring recovery following their missions. In 1975 they designed, built, and flighttested a ship tethered autogyro platform. By 1978, NRL began the development of their first small UAV for electronic warfare, the Long Duration Expendable Decoy (LODED). As a mission demonstrator the LODED was unsuccessful, but it proved invaluable as a research tool for identifying the limitations in the available technologies for UAVs. Wind tunnel and flight testing showed that in order to reach the desired levels of performance, reliability, and efficiency, major research investments were still required in the areas of low Reynolds number aerodynamics, composite airframe structures, flight data sensors, mission payload sensors, control and data links, propulsion systems, and on-board electrical power. Since the mid-1970s, NRL has designed and tested over 50 small UAVs and MAVs including the LAURA, 34 SENDER, 35 and the MITE 36, 37 series. The DRAGON EYE38 was designed as a result of the Mite series success and the need for a larger payload. 39 
THE MICRO-AIR-VEHICLE 2.1. Feasibility Study
The RAND Corporation conducted a study for the Defense Advanced Research Projects Agency (DARPA) in December 1992 that considered a wide variety of micro-devices for defense applications. This study projected that it would be possible to have flying vehicles with a 1 cm span and less than 1 gm payload in ten years. In 1993 the RAND Corporation performed a feasibility study on very small controlled or autonomous vehicles. 40 A more detailed study followed and was performed at the Lincoln Laboratory in 1995. 41 This led to a DARPA workshop in the fall of 1995. 41 Developing 15.24 cm. flying vehicles was proposed in the fall of 1995 by R. J. Foch of the U.S. Naval Research Laboratory (NRL) and M. S. Francis (DARPA). 42 The technological feasibility for these vehicles was a result of advances in several micro-technologies. These technologies included micro-mechanical systems and microelectronic components. It was envisioned that these very small airplanes were to be carried and operated by one person to perform special limited duration missions. Vehicles of this type might carry visual, acoustic, chemical or biological sensors. They were called Micro Air Vehicles (i.e., MAVs), and became of interest because electronic detection and surveillance sensor equipment were miniaturized so that the entire payload weighed 18 grams or less. The original goal was to develop an airplane with a 15.24 cm maximum dimension that weighed less than 90 grams. 42, 43 A November 1995 drawing by R. J. Foch of the NRL baseline design Micro Air Vehicle is shown in Fig. 5 . The primary missions of interest for fixedwing MAVs included surveillance, detection, communications, and the placement of unattended sensors. Surveillance missions include video (day and night), infrared images of battlefields (referred to as the "over the hill" problem) and urban areas (referred to as "around the corner"). These real-time images can give the number and location of opposing forces. This type of information can also be useful in hostage rescue and counter-drug operations. Because of the availability of very small sensors, detection missions include the sensing of biological agents, chemical compounds and nuclear materials (i.e., radioactivity). MAVs may also be used to improve communication in urban or other environments where full-time line of sight operations are important. Another possible mission is to place acoustic sensors on the outside of a building during a hostage rescue or counter-drug operation. 42, 43 
Early MAVs
The Naval Research Laboratory (NRL) was funded by the Office of Naval Research for six years starting in 1996 to develop technical solutions needed for the design of practical MAVs. They were a logical choice because of their 25 years of experience in designing, building, and flying small UAVs. While small UAVs have aspect ratios well above two, MAVs have aspect ratios below two and more often near one. The original NRL MITE vehicle concept (see Fig.5 ) had a wingspan of 15.24 cm and an aspect ratio of 1.25. A number of changes were evaluated to find an optimal configuration. These changes resulted in the MITE 2 which has a wingspan of 36 cm, a chord of 24.5 cm, and an aspect ratio of 1.45. 37, 44 The MITE 2, shown in Fig.6 , is one of a series of MAV research vehicles designed to be an affordable, expendable convert sensor platform for close-in short-duration missions. It is an electrically powered vehicle, with dual motors and counter rotating propellers, that can carry a useful military payload at 32 km/h for 20 minutes. The advantages of the two motor design include: 1) the dual propellers provide flow over most of the wing for enhanced lift at low speeds, 2) the counter rotating propeller flows oppose the wing tip vortices and reduce the induced drag, 3) the counter rotating propellers cancel the torque effect at high power settings and low speeds for easy hand launching, and 4) the open fuselage nose is ideal for imagers and other payload devices. The experience gained during the development of the MITE MAVs was used in the design and fabrication of the Dragon Eye small UAV system. 38 AeroVironment, Inc. of Semi Valley, California is well known for producing successful manned and unmanned unconventional airplanes http://www.aerovironment.com [cited 20 September 2005]. They were funded by DARPA in 1996 with a Phase I SBIR contract to study the feasibility of a 15.24 cm MAV. They concluded that a vehicle of this size was feasible and received a Phase II SBIR contract in 1998 that resulted in the Black Widow MAV configuration. 45 The Black Widow, shown in Fig. 7 , is one of the smallest and most successful MAV systems that can carry a useful payload. This vehicle is electrically powered by one 10 W DC motor with a four inch propeller, has an aspect ratio of 1.0, a wing span of 15.24 cm, a total mass of ~80 g, and can carry a color video camera and transmitter. It also has a 3 gram fully proportional radio control system. A pneumatic launcher and a removable pilot's control unit with a 10.16 cm liquid-crystal display, in a briefcase, were also developed to complete the system. 45 The success of the Black Widow led AeroVironment to the development of a somewhat larger "flying wing" MAV, the Wasp. The Wasp has a root chord of 21.33 cm, a wing span of 36.57 cm, and weighs 181.43 g. It is powered by one 10 W DC electric motor, is designed to fly between 40.23 km/h and 48.27 km/h at a maximum altitude of 91.44 m, and has a color video camera and transmitter. The Wasp is hand launched, has an auto pilot, an endurance of 60 minutes, and a range of 4 km line-of-sight. This vehicle eliminates the need for the pneumatic launcher of the Black Widow and is easier to fly. A stripped down RC Wasp set an endurance record of 1 hour and 47 minutes on August 19, 2002 . 46 A large number of airplanes have been designed, built, and flown since the beginning of the microair-vehicle era in 1996. Government laboratories, industry, and universities in a number of countries have all made contributions to the technologies necessary to field successful MAV systems. The purpose of this brief historical perspective is to highlight selective advancements in aeronautics that led to successful radio controlled model airplanes by hobbyists, then small unmanned vehicles with useful payloads, and finally micro air vehicles with useful payloads.
Since the introduction of the Micro Air Vehicle concept in the mid-1990s, there have been hundreds of successful configurations built and flown in a large number of countries. A number of companies and government laboratories worldwide have also been active in MAV design and development. An annual competition was held in the U.S. beginning in 1997 once it became clear that MAVs could be designed and fabricated using equipment available for small model airplanes. 39 In 2000 this annual competition was named "The International Micro Air Vehicle Competition" since there was an entry from Korea. In 2002 there were entries from Korea, and Germany and an observer from France. The surveillance mission for all of these competitions included the observation of a target behind a barrier located 600 m from the launch site and transmission of a clear image back to the judges. A design report was also required. The smallest vehicle to accomplish this wins.
The first competition was held in 1997 at the University of Florida. The entries included small radiocontrolled airplanes rather than micro air vehicles since the technology available did not permit the miniaturization to the "micro" level. Steve Morris of the MLBM Company won with a 78.7 cm (31 in.) airplane. The smallest airplane to complete the mission was 66 cm (26 in.) from the University of Florida. However, the design-optimization report accompanying this plane did not meet the judges' requirements. Steve 
